A slurry impingement rig containing 6 wt.% SiO 2 particles was used to investigate synergistic erosion-corrosion behavior of X-65 carbon steel at various impingement angles. Maximum erosion-corrosion and erosion rates occurred at impingement angles of about 25 deg and 40-55 deg, respectively. The synergy value highly depended on the impingement angle. The formation of patches of porous corrosion product followed by the formation of corrosion pits led to a positive synergy under impingement angle of 25 deg. At higher impingement angles, the absence of pits probably due to the formation of a more durable tribocorrosion layer resulted in a negative synergy.
Introduction
Erosion-corrosion, which is a serious problem for material durability, which consists of two different degradation mechanisms: mechanical erosion and electrochemical corrosion [1] [2] [3] . These two mechanisms work together and their interaction may result in a severe material loss in many cases [4] [5] [6] . Removal of corrosion products because of impingement of particles could result in an increase in the corrosion rate during the erosion-corrosion process. Corrosion may affect the erosion rate by dissolving the work-hardened layer as well as roughening the surface, changing surface morphology and formation of passive layer on the eroded surface. In some cases, there is a negative synergy between erosion and corrosion in which erosion-corrosion rate is lower than the sum of pure erosion and corrosion rates [7] [8] [9] [10] [11] [12] .
There are several studies on the parameters affecting the synergistic behavior of erosion and corrosion [13] [14] [15] . Impingement angle is an important parameter, which affects the erosioncorrosion mechanism [16] [17] [18] [19] [20] [21] [22] . Sasaki and Burstein [18] showed that erosion-corrosion of 304L stainless steel can generate a rougher surface at lower impingement angles. This could give a greater susceptibility to pitting at oblique angles as compared with a normal incidence. They also mentioned that individual erosion events at oblique impingement angles were more destructive than those at a normal incidence angle [18] .
The presence of sand and various salts and gases in oil and gas production result in erosion-corrosion of tubing in downstream and upstream flow lines [7] . X-65 carbon steel alloy is widely used as a pipeline material in these conditions. There are several studies on the erosion-corrosion behavior of carbon steels in the literature [23] [24] [25] [26] [27] [28] . Yu and Li [23] studied the effect of dissolved oxygen on the erosion-corrosion behavior of X-65 steel in aqueous slurry containing silica sand and CO 2 . They showed that the erosion-corrosion at a high level of dissolved oxygen (1.56 ppm) was severe and reduced markedly at a low level of dissolved oxygen (0.016 ppm). They also indicated that the dissolved oxygen could considerably enhance the CO 2 corrosion and erosion-corrosion synergy. They suggested that at high slurry velocities, erosion would dominate the destructive process in the erosion-corrosion tests. Yang and Cheng [25] showed that the erosion-corrosion rate of the X-65 carbon steel increased as the sand concentration and slurry flow velocity were increased. They also indicated that an increase in the impact angle would decrease the erosion-corrosion rate of the steel in oil sands slurry. The effects of impact velocity (2.5, 3.5, and 4.5 m/s), impact angle (15 deg, 45 deg, and 90 deg) and applied potential on the erosion-corrosion behavior of some carbon steels for a range of crude oil/water slurries were investigated by Stack and Abdulrahman [26, 27] . Their results showed that the test parameters affected the erosion-corrosion mechanisms, the levels of wastage and extent of synergistic behavior of the eroded materials. They indicated that the corrosion current density increased with increase in the impact angle from 15 deg to 90 deg. Guo et al. [28] showed that the corrosion rate of AISI 1045 carbon steel in a slurry containing 0.1 M Na 2 SO 4 was essentially independent of the sand concentration.
The synergistic behavior of materials is usually investigated according to ASTM G 119 standard [29] . Total material loss rate, T, during erosion-corrosion can be divided into three subparts: W 0 , C 0 , and S as shown in the following equations:
where W 0 indicates mechanical erosion wear rate under cathodic protection at a potential of À1 V versus open circuit potential (OCP), C 0 designates the electrochemical corrosion rate (i.e., no solid particle erosion), and S represents the synergistic effects (i.e., DC w þ DW c ). T, W 0 , and C 0 can be measured experimentally. DC w is the change in corrosion rate due to erosion wear and DW c is the change in erosion wear rate due to corrosion. These terms could be obtained as follows:
where C w is the total corrosion component of T, i.e., the corrosion rate of the alloy during the erosion-corrosion test. C w can be experimentally measured by the electrochemical means such as polarization technique during the erosion-corrosion. W c is the total wear component of T, which could be mathematically calculated using above equations. To our knowledge, there has been little attention paid to the effect of impact angle on the synergy parameters of the erosion-corrosion of carbon steel. The main aim of this study was to determine the effect of impingement angle on the mechanisms 1 of interaction between mechanical erosion and electrochemical corrosion (i.e., general or localized) during erosion-corrosion of X-65 carbon steel. A mechanism of formation of corrosion pits was proposed under low impingement angles during erosion-corrosion. The effects of the formation of the corrosion products and the corrosion pit during erosion-corrosion on the synergy parameters were also discussed in this paper.
Methodology
Pins with a diameter of 5 mm made of API 5L X-65 carbon steel alloy were used as the test specimens. The erosion and erosion-corrosion tests were carried out on a slurry impingement rig. A schematic setup of the erosion-corrosion device used for this study is shown in Fig. 1 . The diameter of the nozzle was 8 mm. The distance between the jet nozzle and the specimen surface was adjusted to be about 5 mm at impingement angle of 90 deg. The erosion-corrosion rig was described in more detail elsewhere [30] .
The electrolyte was 3.5 wt.% NaCl solution containing 6 wt.% SiO 2 particles, of 250-500 lm in size. The particle sieving showed that about 89% of the particles were in the range of 250-355 lm and the rest (i.e., 11%) were in the range of 355-500 lm. The scanning electron microscope (SEM) image of the sand particles in Fig. 2 indicates an irregular geometry of the particles before the erosion and erosion-corrosion tests. The jet velocity was adjusted to 6.5 m/s. The duration of the tests was 30 mins and the impingement angle varied from 20 to 90 deg. The samples used for erosion and erosion-corrosion tests were ultrasonically cleaned in acetone and dried in air. The weight loss of the samples was measured by a digital microbalance with an accuracy of 0.1 mg. In this study, the normalized erosion and erosion-corrosion rates were calculated by dividing the rates by sin h, where h is the impingement angle of the test [31] .
The pure erosion tests (to obtain W 0 ) were carried out by applying a cathodic protection voltage of À1000 mV versus OCP of the alloy at each condition, according to the ASTM G 119-09 standard [29] . The eroded surfaces of the samples were studied by SEM equipped with energy dispersive spectroscopy (EDS). Each erosion or erosion-corrosion test was repeated at least three times.
A 302 N Autolab potentiostat/galvanostat was coupled to the erosion-corrosion rig to obtain the polarization curves during erosion-corrosion. In all these tests, standard saturated Ag/AgCl in a capillary and graphite were used as the reference and counter electrodes, respectively. The polarization technique was used to obtain electrochemical corrosion rate (i.e., C w ) of the alloy under erosion-corrosion conditions. The polarization curves were obtained by polarizing the samples from a potential of À200 mV (versus OCP) to þ300 mV (versus OCP) at a scan rate of 3 mV/s.
The polarization technique was used to measure the electrochemical corrosion rate, C 0, in the flow condition (0 g/l SiO 2 particle) at a jet velocity of 6.5 m/s. The polarization experiment was also conducted in a stagnant solution of 3.5 wt.% NaCl.
Tafel extrapolation method was used to calculate the corrosion current, I corr , in all polarization tests. The corrosion currents obtained were then converted to the weight loss (C w and C 0 ) using Faraday's equation [32, 33] . Finally, the synergy parameters (i.e., S, DW c and DC w ) were calculated using Eqs. (1)-(4).
Results and Discussion
The pure erosion and erosion-corrosion rates of X-65 carbon steel as a function of impingement angle are shown in Fig. 3 . The figure shows that the maximum and minimum erosion-corrosion rates of the alloy occurred at impingement angles of 25 deg and 90 deg, respectively. For the erosion test (i.e., using cathodic protection), the maximum removal rate occurred at an angle of about 40-55 deg and the minimum rate occurred at impingement angles of 20 deg and 90 deg. Brittle or ductile behavior of the alloy surface could affect the angle of the maximum erosion and erosion-corrosion rates [34, 35] . The higher angle for the maximum erosion rate compared with the erosion-corrosion rate could suggest that the alloy behaved more brittle in erosion test using cathodic protection. This might be due to the hydrogen evolution during the cathodic protection of the samples at an applied potential of À1000 mV versus OCP [36] . The generated hydrogen atoms could diffuse into the alloy and caused some hydrogen embrittlement of the surface. Figure 4 shows a polished surface of the sample before erosion-corrosion test and eroded surface of erosion-corrosion sample at an impact angle of 25 deg. Figure 4(a) shows polishing marks on a uniform surface of the sample. Figures 4(b) , 4(c), and 4(e) indicate some pits on the eroded surface, indicating the effect of corrosion in the erosion-corrosion process. The formation of corrosion pits, which were surrounded by a ring of corrosion products, was also observed by Karrab et al. [37] on the cavitation erosion surface of 1045 carbon steel. Figure 4 also shows patches of nonhomogeneous corrosion products covering parts of the eroded surface. EDS analysis of patches of corrosion products in Table 1 shows remarkably higher oxygen content compared with the analysis of overall eroded surface of Fig. 4(b Fig. 4(f) . A honeycomb morphology was observed for the corrosion products.
It could be suggested that at a low impingement angle of 25 deg, the corrosive media caused pitting on the erosioncorrosion surface as well as the formation of some distinct patches of corrosion products. From Fig. 4 , a three stage pit formation could be depicted as: (1) the formation of porous honeycomb patches of corrosion product with enough durability (Fig. 4(c) ) that could both resist erosion and allow the transfer of the electrolyte to the underlying surface of the sample, (2) this could result in a stagnant electrolyte condition just below the patches of corrosion products, which could provide a stable condition for the initiation and growth of the pits (Fig. 4(e) ), and (3) subsequently, the pit formation could decrease the strength of the substrate leading to the erosion of the patches to reveal the pits. Furthermore, the corrosion pits could weaken the surface of the material against sand impingement by destroying the surface continuity and producing stress concentration sites. This could result in a higher erosion-corrosion rate compared with the erosion rate at an impact angle of 25 deg (Fig. 3) .
Plastic deformation and raised lips in the direction of the sand impact were other common features on the eroded wear surface at Figure 5 shows the erosion-corrosion surfaces of X-65 carbon steel at two impingement angles of 55 deg and 90 deg. The shorter erosive tracks at an impact angle of 55 deg in Fig. 5(a) compared with an angle of 25 deg in Fig. 4(c) could indicate a lower effect of cutting at an angle of 55 deg. This might be due to the higher normal component of stress of impacting sand at an impingement angle of 55 deg, which caused more penetration into the surface, more friction force, and, therefore, shorter erosive tracks. At a normal incidence angle in Fig. 5(c) , however, no erosive tracks could be observed on the erosion-corrosion surface, which could be related to the absence of tangential traction of the impacted sand on the surface. At a normal incidence angle, maximum surface work hardening of the material could prevail. The absence of the patches of corrosion products and pits on the eroded wear surfaces at impact angles of 55 deg and 90 deg is another point to be considered in Fig. 5 . This is attributed to the high energy transfer from the impacted sand to the surface, which probably did not allow the formation of the nonhomogeneous corrosion patches and the subsequent formation of the pits as observed at an impact angle of 25 deg.
SEM micrographs of the eroded surfaces of pure erosion tests at various impinging angles are shown in Fig. 6 . The figure shows that there were no patches of corrosion products or pits on the eroded surfaces even at low impact angle of 25 deg. This could indicate that the cathodic protection by applying a potential of À1 V with respect to OCP acted properly and almost no corrosion occurred on the samples in different test conditions. The material degradation mechanisms in the pure erosion samples were similar to erosion-corrosion ones as cutting deformation at oblique angles and impact and work hardening at normal incident angle.
The EDS elemental analysis of oxygen on the erosioncorrosion and pure erosion surfaces at various impact angles is shown in Fig. 7 . The figure shows higher oxygen content on the surface of erosion-corrosion samples compared with the erosion ones. This was more pronounced at an impingement angle of 25 deg due to the existence of the honeycomb shape corrosion products on the eroded surface (Fig. 4) . The lower amount of oxygen detected by EDS analysis on the pure erosion samples could suggest the formation of a much thinner corrosion layer during cathodic protection.
There were larger wear tracks on the pure erosion ( Fig. 6(d) ) compared with the erosion-corrosion samples (Fig. 5(b) ) at an impingement angle of 55 deg. This could be due to the formation of a thicker tribocorrosion layer (i.e., characterized by a higher amount of oxygen in Fig. 7 ) during erosion-corrosion that could prevent further penetration and higher traction of impacted sands on the eroded surface. Figure 8 shows the polarization curves of the samples during the erosion-corrosion process at various impact angles. The polarization curves for the stagnant and flow conditions are also shown in the figure. A more positive OCP of about 200 mV was observed in the flow condition compared with the stagnant test due to the Table 1 EDS analysis (wt.%) of the eroded surface of the X-65 carbon steel alloy tested in 3.5 wt.% NaCl solution containing 6 wt.% SiO 2 at a jet velocity of 6.5 m/s and at an impingement angle of 25 deg
Overall eroded surface of Fig. 4(b) 3.1 1.3 0.5 -1.5 93.6 Corrosion product in Fig. 4(c greater availability of oxygen to the material surface resulting in easier cathodic reactions [28] . The figure shows a lower OCP at various impingement angles (i.e., at impingement angles of 25 deg, 55 deg, and 90 deg) during erosion-corrosion compared with the flow test. This could be attributed to the impingement of sand particles on the surface, which caused surface deformation and wear, and resulted in a higher tendency for corrosion. Figure 8 also indicates that at an impingement angle of 90 deg the anodic branch shifted toward higher corrosion currents as compared with two angles of 25 deg and 55 deg. It seems that the higher energy transferred by the impacted sand to the surface at a normal incidence angle could result in a higher emission of electrons (exo-electron emission) [38] leading to an easier anodic dissolution of the alloy. Moreover, at regions of high anodic overvoltages, almost the same trend could be observed in the polarization curves for various test conditions. It seems that in these overvoltage regions, the electrochemical anodic dissolution was the major degradation mechanism and the effects of fluid flow and mechanical erosive wear under various impingement angles were negligible. Corrosion rate of the alloy (i.e., C w ) in various test conditions were obtained by drawing the anodic and cathodic Tafel slopes of the polarization curves (Fig. 8 ) and using Faraday's law according to ASTM G 102 and G 1 [32, 33] . Synergy parameter, S, calculated by Eq. (1) at various impingement angles is presented in Fig. 9 . It could be observed that the synergy value was decreased as the impact angle increased from 20 to 30 deg. More increase in the impingement angle from 30 deg to 55 deg resulted in a significant decrease in the synergy from a positive to a negative value. A positive synergy with a value close to zero observed at normal incident of 90 deg.
Positive synergisms at the low impingement angles indicated that erosion and corrosion mechanisms worked together and accelerated the material degradation. In other words, the erosion-corrosion rate, T, in Eq. (1) became greater than the sum of erosion rate (W 0 ) and corrosion rate (C 0 ). This could be described by the effect of the formation of porous corrosion products and pits on the weakening of the material surface, which resulted in a higher material removal rate during erosion-corrosion. Under cathodic protection, the applied negative potential protected the material against high corrosion, which hindered the localized formation of corrosion products and pits, resulting in a lower material removal rate during erosion (i.e., W 0 ). At higher impinging angles of 55 deg and 75 deg due to a higher normal component of stress, a higher work hardened surface could better support the tribocorrosion layer and make it more durable during erosion-corrosion. This could result in a negative synergism at these angles (Fig. 9) . In other words, at these impingement angles the formation of a protective tribocorrosion layer on the eroded surface played a significant role. At normal incidence angle, a near zero value of synergy could indicate very negligible interaction between erosion and corrosion mechanisms.
The change in corrosion rate due to erosion, DC w , and the change in erosion rate due to corrosion, DW C , were calculated and are shown in Fig. 10 . Positive values could be observed for DC w at all impingement angles with a minimum value at an angle of 55 deg. This indicated that the erosion mechanisms increased the corrosion degradation under various impact angles. This could be related to the surface deformation due to mechanical erosion, which increased the average surface roughness of the samples from about 0.15 lm before the test to about 0.26 6 0.1 lm (i.e., about 73% increase in the surface roughness) for all impingement angles. An increase in surface roughness would increase the effective surface area exposed to the corrosive media. The subsequent erosion of the corrosion layers and high mass transport by turbulence in the corrosive media could be another reason for the positive DC w [22] . Figure 10 shows a different trend for DW C , i.e., DW C decreased from a positive value to a negative value as the impingement angle increased from 25 deg to 55 deg. This revealed that corrosion had different effects on the erosion mechanism at these two angles. Positive DW C showed that corrosion increased the erosion rate of the material at an impingement angle of 25 deg. This could be related to the formation of the patches of corrosion products and the subsequent pits on the erosion-corrosion surface leading to a surface weakening of the material as was discussed earlier and shown in Fig. 4 . Negative DW C , which means corrosion phenomena caused reduction in erosive wear at impingement angle of 55 deg, could probably be related to the formation of thin protective tribocorrosion layers on the surface, which suppressed the effect of sand impacts on the material degradation leading to a negative synergy in Fig. 9 .
In summary, it could be concluded that the formation of various tribocorrosion layers highly affected the erosion-corrosion behavior of the X-65 carbon steel alloy. At a low impingement angle of 25 deg, some visible patches of corrosion product were formed on the surface of sample. The honeycomb shape of this layer could create a stagnant environment for corrosive media just below this porous layer, resulting in the initiation and growth of the corrosion pits. The corrosion pits, which acted as stress concentration sites, resulted in a maximum erosion-corrosion rate and a large positive synergy at this impingement angle (i.e., 25 deg). Increasing impingement angle to 55 deg could cause more work hardening of the surface due to the high energy transfer by the sand to the surface. This work harden layer could better support the thin corrosion films formed on the surface during the erosioncorrosion process and resulted in a more durable tribocorrosion layer against impingement of the sand particles. This might be the main reason for the negative synergy and negative corrosionenhanced erosion rate (i.e., DW C ) at an impingement angle of 55 deg. High normal stress of the impacted particles could hinder the formation of any corrosion layer on the eroded surface at an impact angle of 90 deg and resulted in a very close erosion and erosion-corrosion rates and a low synergy value. ucts during erosion-corrosion were the major factor controlling the synergy behavior of the alloy at various impingement angles.
Conclusions

